Mutations in cytosolic isocitrate dehydrogenase 1 (IDH1) or its mitochondrial homolog IDH2 can lead to R(À)-2-hydroxyglutarate (2HG) production. To date, mutations in three active site arginine residues, IDH1 R132, IDH2 R172 and IDH2 R140, have been shown to result in the neomorphic production of 2HG. Here we report on three additional 2HG-producing IDH1 mutations: IDH1 R100, which is affected in adult glioma, IDH1 G97, which is mutated in colon cancer cell lines and pediatric glioblastoma, and IDH1 Y139. All these new mutants stereospecifically produced 2HG's (R) enantiomer. In contrast, we find that the IDH1 SNPs V71I and V178I, as well as a number of other single-sample reports of IDH nonsynonymous mutation, did not elevate cellular 2HG levels in cells and retained the wild-type ability for isocitratedependent NADPH production. Finally, we report the existence of additional rare, but recurring mutations found in lymphoma and thyroid cancer, which while failing to elevate 2HG nonetheless displayed loss of function, indicating a possible tumorigenic mechanism for a non-2HG-producing subset of IDH mutations in some malignancies. These data broaden our understanding of how IDH mutations may contribute to cancer through either neomorphic R(À)-2HG production or reduced wildtype enzymatic activity, and highlight the potential value of metabolite screening in identifying IDH-mutated tumors associated with elevated oncometabolite levels.
Introduction
Somatic mutations in human cytosolic isocitrate dehydrogenase 1 (IDH1) were initially found to be recurrent in adult glioma and acute myeloid leukemia (AML), where the reported mutations were missense and specific for a single R132 residue (Parsons et al., 2008; Mardis et al., 2009; Yan et al., 2009) . Initial experiments showed that these IDH1 R132 mutations caused loss of the enzyme's normal ability to catalyze the conversion of isocitrate to a-ketoglutarate. Subsequently, it was discovered that these mutations also conferred an enzymatic gain-of-function: the novel NADPH-dependent reduction of a-ketoglutarate to the normally trace metabolite R(À)-2-hydroxyglutarate (2HG) (Dang et al., 2009) .
Some gliomas lacking cytosolic IDH1 mutations were later observed to have mutations in IDH2, the mitochondrial homolog of IDH1 (Yan et al., 2009) . These glioma IDH2 mutations were detected at the R172 residue, analogous to IDH1 R132. Mutations in IDH1 R132 and IDH2 R172 have also been described recently in cartilaginous neoplasms, including chondrosarcoma (Amary et al., 2011) . Although initially studies failed to observe mitochondrial IDH2 mutations in AML, prospective metabolite screening of primary AML samples found that 2HG elevation was much more common than expected from the described IDH1 mutational frequency . Subsequently it was determined that the majority of 2HG-elevated AML samples harbored mutations in IDH2 rather than IDH1. While some of these were R172 mutations, most were unexpectedly found at a different arginine in IDH2's active site, R140.
On the basis of this establishment that multiple residues in the active site of mitochondrial IDH2 can be mutated to produce 2HG, the present study was undertaken to see if additional residues in cytosolic IDH1 had the potential to become neomorphic 2HG-producing alleles. We also investigated the enzymatic activity of additional reported IDH1/2 alterations.
Results and discussion
Mutations at IDH1 R100 and G97 result in 2HG production A metabolite screening test of AML samples established that IDH2 mutations at R140 produce 2HG . As mutations at two other IDH residues that are analogous to each other, mitochondrial IDH2 R172 and cytosolic IDH1 R132, both lead to 2HG production, we asked whether the same relationship held between known neomorphic mutations at IDH2 R140 and mutations at the uncharacterized analogous position in IDH1, R100. Like IDH2 R140, IDH1 R100 normally stabilizes isocitrate's b-carboxyl group through a charge interaction from its guanidinium moiety (Figure 1a) . We predicted that removing this stabilization of the b-carboxyl through mutation of R100 would hinder the enzyme's ability to use isocitrate as a substrate and, like the mutation of IDH2 R140, facilitate the non-carboxylating reduction of a-ketoglutarate to 2HG. The effect of IDH1 G97D mutation was also examined, as this alteration has been identified in colon cancer cell lines and pediatric glioblastoma (Bleeker et al., 2009; Paugh et al., 2010) , and we predicted that this mutation to a negatively charged aspartate would disfavor coordination of isocitrate's negatively charged b-carboxyl.
To test our predictions, we expressed IDH1 R100A and IDH1 G97D mutants in cells, along with IDH1 WT and the established 2HG-producing IDH1 R132H mutant ( Figure 1b) . We first found that, unlike the overexpression of IDH1 WT, expression of either IDH1 R100A or G97D failed to increase isocitrate-dependent NADPH production in cell lysates above the levels in vector-transfected cells. Thus, like the IDH1 R132H mutation shown previously (Dang et al., 2009; Yan et al., 2009) , IDH1 R100A and G97D mutations show loss-of-function for generating NADPH in the presence of isocitrate. To determine if the R100A and G97D mutants also share with the R132H mutant the gain-offunction to produce 2HG, we extracted metabolites from parallel-transfected cells and measured 2HG elevation by gas chromatography-mass spectrometry (GC-MS). 2HG levels were observed to be elevated in cells expressing either IDH1 R100A or G97D ( Figure 1c) . As a confirmation, we found that 2HG was also elevated in the HCT15 colon cancer line containing an endogenous G97D mutation (data not shown). Of note, following the initiation of this study, IDH1 mutations at R100 were described in adult glioma (Pusch et al., 2011) , further supporting the importance of predicting and then characterizing additional 2HG-producing alleles.
Electrostatic analysis predicts another 2HG-producing mutation: IDH1 Y139D To better understand the loss of isocitrate utilization and gain of 2HG production from IDH1 R132H, R100A and G97D mutations, we performed an electrostatic analysis to calculate the destabilizing effect of each mutation on isocitrate's b-carboxyl (Figure 2a) . Consistent with IDH1 R132H, R100A and G97D mutations all favoring conversion of a-ketoglutarate to 2HG rather than interconversion of a-ketoglutarate and isocitrate, all three mutations were found to be unfavorable for isocitrate b-carboxyl stabilization. While performing this analysis, we also examined if mutations at other IDH1 active site residues could be predicted to disfavor coordination of the isocitrate b-carboxyl. Surprisingly, we found that an additional mutation, Y139D, could be modeled to have an electrostatic effect comparable to that for the 2HG-producing mutant G97D. As Y139 is located near the substrate in the IDH1 active site (Figure 1a) , we investigated whether IDH1 Y139D could be yet another 2HG-producing neomorph. We first found that Y139D mutant overexpression failed to increase isocitratedependent NADPH production from cell lysates, similar to R132H mutant overexpression and in contrast to cells overexpressing IDH1 WT (Figure 2b ). From paralleltransfected cells, we then assessed whether IDH1 Y139D could produce 2HG. Unlike cells expressing IDH1 WT, cells expressing the predicted Y139D mutant displayed 2HG elevation (Figure 2c ).
Although the mutation of IDH1 Y139 is yet to be described in any cancer, the residue does lie outside IDH1's fourth exon, which has been the region of exclusive focus in many sequencing studies. The lack of samples, to date, with reported mutation of IDH1 Y139 (or the analogous IDH2 Y179) may also be structurally explained by the strict requirement for this position to incorporate a negatively charged residue in order to facilitate neomorphic enzyme activity (Supplementary Figure 1 Mutation of IDH1 R100 or G97 leads to 2HG production. (a) The active site of human IDH2, modeled based on the highly homologous porcine-IDH2 structure (Ceccarelli et al., 2002) , and the active site of crystallized human IDH1 with isocitrate are shown. Isocitrate carbons are yellow, except the b-carboxyl carbon in cyan. Also shown are oxygens (red), amines (blue) and carbons of amino acids (green). Dashed lines represent hydrogen and ionic bonds o3.1 Å . The prime ( 0 ) designates residues from the other monomer of the IDH dimer. Modeling of human IDH2 was performed as described previously and images were generated using PyMOL viewer (DeLano, 2006) . (b) 293T cells were lysed 48 h after transfection with IDH1 WT, mutants or empty vector, and IDH1 expression was confirmed by western blot with goat polyclonal antibody (Santa Cruz Biotechnology, sc49996, Santa Cruz, CA, USA). S6 ribosomal protein levels were measured to assess equal loading with rabbit monoclonal antibody (Cell Signaling, Danvers, MA, USA, 2217). These lysates were then assayed for isocitrate-dependent NADPH production from 3 mg lysate protein in an assay solution containing 100 mM Tris-HCl buffer (pH 7.5), 1.3 mM MnCl 2 , 0.33 mM EDTA, 0.1 mM b-NADP þ and 0.1 mM D-( þ )-threo-isocitrate as described previously . Data are depicted as the mean and s.d. from three independent measurements at the indicated time points. (c) Parallel-transfected cells were extracted for intracellular metabolites by gently removing the culture medium and then rapidly quenching the cells in ice-cold 80% methanol. After incubation at À80 1C for 20 min, extracts were centrifuged to remove precipitated protein, and aqueous metabolites in the supernatant were dried under nitrogen gas and redissolved in 1:1 acetonitrile: N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide (MTBSTFA; Regis, Morton Grove, IL, USA) and heated at 70 1C for 75 min to derivatize metabolites. Derivatized samples were then analyzed by GC-MS as described previously . Representative gas chromatographs are shown for metabolites eluting from 31 to 33.5 min, including glutamate (Glu) and 2HG. Metabolite abundance refers to signal intensity. Data for (b) and (c) are from a representative of three independent experiments. Additional IDH mutants distinguished by R(À)-2HG production PS Ward et al Table 1 ). In contrast, for the commonly affected residues IDH1 R132, IDH2 R172 and IDH2 R140, the diversity of substitutions observed suggests a lessspecific structural requirement. Still, specific substitutions of IDH1 R132H/C, IDH2 R172K and IDH2 R140Q are observed with higher frequency. These can all arise through C-T or G-A transitions in CpG dinucelotides at these codons, potentially from the frequent methylation-induced deamination of 5-methylcytosine (Cooper and Youssoufian, 1988) , in contrast to IDH1 Y139D, where a T-G transversion must occur at a non-CpG site.
All IDH mutations specifically produce the (R) enantiomer of 2HG
Although recent investigations have focused on the differing biological effects of the (R) and (S)
Additional IDH mutants distinguished by R(À)-2HG production PS Ward et al enantiomers of 2HG, IDH R132 mutations were shown to exclusively produce R(À)-2HG both in vitro and in primary tumor tissue (Dang et al., 2009) , and the same stereospecificity was shown for both R172 and R140 mutations in IDH2 (Kranendijk et al., 2010; Ward et al., 2010) . Somatic mutations in tumors resulting in the elevation of S( þ )-2HG are yet to be found. To determine the chirality of 2HG produced by the additional IDH neomorphs identified in this study, we used a previously described procedure to separate the (S) and (R) enantiomers of 2HG by GC-MS (Kamerling et al., 1981; Ward et al., 2010) . We determined that like in cells expressing IDH1 R132H, the 2HG produced in cells expressing IDH1 R100A, G97D or Y139D specifically corresponds to the (R) enantiomer (Figure 3 ).
Rare recurring mutations in lymphoma and thyroid cancer do not produce 2HG, but can result in loss-of-function At the time of this article's submission, over 100 papers had been published that reported patient samples containing tumor-specific IDH mutations. More than 99% of these patient samples have an IDH1/2 mutation that has now been confirmed to be R(À)-2HG-producing, either from this or previous studies (Supplementary Table 2 ). However, several reports have recently identified IDH1/2 variants that are yet to be enzyma- Figure 2 The predicted Y139D mutation of IDH1 is another 2HG-producing allele. (a) The changes in electrostatic interaction energy with isocitrate's b-carboxyl group were calculated for various IDH1 mutations relative to wild type. A positive change in energy indicates decreased stabilization of the b-carboxylate in both the isocitrate-IDH1 complex and in the transition state of the aketoglutarate-isocitrate reverse reaction, thus favoring the production of 2HG product, which lacks this carboxylate. Mutations were modeled using the structure PDB ID 1T0L of wild-type human IDH1 in complex with NADPH, isocitrate and calcium as the template (Xu et al., 2004) . Details for modeling and electrostatic interaction calculations are described in Supplementary Materials and Methods. (b) 293T cells were lysed 48 h after transfection with IDH1 WT, Y139D or R132H, or empty vector. IDH1 protein levels were assessed by western blot and 3 mg of lysate protein was assessed for NADPH production with 0.1 mM isocitrate. (c) Parallel-transfected cells were extracted for intracellular metabolites and analyzed by GC-MS. Data for (b) and (c) are from a representative of three independent experiments.
Additional IDH mutants distinguished by R(À)-2HG production PS Ward et al
tically characterized (Table 1) . We first examined the effects of reported IDH1 SNPs, V71I and V178I, as well as non-arginine variants only reported in a single sample to date (Hemerly et al., 2010; Ho et al., 2010; Marcucci et al., 2010; Murugan et al., 2010; Zou et al., 2010; Forbes et al., 2011; Rakheja et al., 2011) . All were expressed at comparable levels to IDH1/2 WT in cells (Supplementary Figure 1) . None were observed to increase intracellular 2HG, whereas all retained the ability to increase isocitrate-dependent NADPH production from cell lysates. In addition to these variants, which we found to behave like wild-type IDH enzymes, we also investigated several rare yet recurring somatic mutations. Although previously undescribed in cancer, we have found somatic mutations at IDH2 F394 in two T-cell angioimmunoblastic lymphoma (AILT) samples (one sample with IDH2 F394I and one with F394V). By transfection we were unable to express these mutants, despite achieving comparable levels of IDH2 mRNA in the transfected cells (Supplementary Figure 2) . Transfection of these mutants did not elevate intracellular 2HG, and we confirmed that their transfection did not increase isocitrate-dependent NADPH production.
We then investigated IDH1 G70D and A134D mutations described in six and two thyroid cancer samples, respectively, as well as an IDH1 R49C mutation described in one pediatric glioblastoma (Hemerly et al., 2010; Paugh et al., 2010) . All of these mutations have been shown to occur at a single allele in a somatic manner. Only the IDH1 A134D mutant could be effectively overexpressed to levels comparable to IDH1 WT or R132H, despite a clear increase in IDH1 mRNA levels for all mutant-transfected cells (Supplementary Figure 3) . While not producing 2HG, the expressed A134D mutant also failed to increase isocitrate-dependent NADPH production. Together these data suggest that there is a subset of rare IDH somatic mutations that result in decreased wild-type activity without a concomitant increase in 2HG production.
As retention of at least one wild-type IDH allele is important for proliferation in MYC-driven cancer cells and for IDH1/2-mediated shuttling of NADPH from the mitochondria to cytoplasm (Lemons et al., 2010; Ward et al., 2010) , we examined if the expressed but loss-of-function A134 mutant IDH1 could dominantly inhibit IDH1 WT activity in cells. For the 2HG-producing mutant IDH1 R132H, it was shown first by Dang et al. (2009) , testing a range of physiological isocitrate concentrations up to 100 mM, that R132H mutant expression does not substantially inhibit the isocitrate-dependent NADPH production of IDH1 WT, a finding recently confirmed extensively by an independent group (Jin et al., 2011) . We repeated this analysis for IDH1 A134D. Co-transfecting IDH1 A134D with IDH1 WT at either a 1:1 or a 3:1 ratio, we did not observe a decrease in isocitrate-dependent NADPH production from transfection of the A134D mutant (Supplementary Figure 4) .
For the IDH1 G70D, IDH1 R49C and IDH2 F394I/ V mutants that could not be effectively overexpressed in cells, we performed in vitro transcription-coupled translation with [
35 S]-methionine and rabbit reticulocyte lysates (Supplementary Figure 5) . We found that in vitro transcription/translation of IDH1 G70D or IDH1 R49C generated a major band corresponding to the predicted IDH1 molecular weight of 47 kDa, matching the product observed from IDH1 WT. Similarly, we found Figure 3 All IDH1 mutants specifically generate 2HG's (R) enantiomer. (a) Separation of the two stereoisomers of 2HG on GC-MS as the O-acetylated di(À)-2-butyl esters was shown using standards obtained from Sigma (St Louis, MO, USA) and purified by elution from an AG-1 X8 100-200 anion exchange resin (Bio-Rad, Hercules, CA, USA). A previously described extended derivatization procedure was then performed (Kamerling et al., 1981; Ward et al., 2010) . Eluates were dried under nitrogen, redisssolved in 1 M HCl in R(À)-2-butanol and heated for 3 h at 95 1C. After drying again under nitrogen, samples were redissolved in pyridine and acetic anhydride at a 1:1 ratio, heated for 30 min at 100 1C, dried and redissolved in acetonitrile before analysis of the ion at m/e À 173 by GC-MS. (b) Cells expressing IDH1 R132H, R100A, G97D or Y139D were analyzed by the same method to determine the specific 2HG enantiomer produced by each mutant. Data are from a representative of three independent experiments. Additional IDH mutants distinguished by R(À)-2HG production PS Ward et al that in vitro transcription/translation of IDH2 F394I or F394V generated a major band, matching that produced from IDH2 WT. These results further indicate that the inability of these mutants to be effectively overexpressed following transfection reflects an impairment in cellular accumulation.
No IDH mutations producing 2HG have been confirmed to date in thyroid cancer. Conversely, none of the recurring but non-2HG-producing somatic mutations found in thyroid cancer or AILT have ever been described in leukemia or adult glioma. We further confirmed in this study, in 973 myeloid hematologic malignancy samples, that no recurring somatic mutations were found between IDH1 residues 41-438 or IDH2 residues 125-226 except for the previously characterized 2HG-producing IDH1 R132, IDH2 R172K and IDH2 R140Q alleles. Full-length sequencing of the entire IDH1/2 coding regions in 20 samples also failed to detect any additional somatic alterations.
These data support the neomorphic activity converting a-ketoglutarate to R(À)-2HG, rather than solely the loss of normal IDH function, being the common feature selected for in adult leukemia, glioma and the vast majority of other IDH1/2 mutant cancers. This is further evidenced by recent work showing the clustering of R(À)-2HG-producing IDH mutant cases in a distinct DNA hypermethylation signature in tumor samples from both glioma and AML patients (Figueroa et al., 2010; Noushmehr et al., 2010 ). While those rare IDH mutations indicative of IDH haploinsufficiency in AILT and thyroid cancer require further investigation and may potentially result in impairment of cytosolic NADPH production and redox control, any of the residues in cytosolic IDH1 or mitochondrial IDH2 that can be altered to produce the R(À)-2HG oncometabolite can be screened for their mutation by a GC-MS metabolite assay.
The data presented here suggest that a screening and diagnostic approach based on elevated oncometabolite levels may not be of the highest utility for thyroid cancer, as IDH mutations found to date in thyroid cancer do not produce 2HG and may function to promote tumorigenesis in an alternative manner. However, on the basis of this study there are at least five reproducible cancer-associated mutations that can result in 2HG production and these appear to be selected for in several well-characterized tumor types including AML, gliomas, chondrosarcomas and gastrointestinal cancers. Thus, a screening and diagnostic approach for these malignancies based on elevated 2HG levels may be of substantial value. First, given the rarity and marked developmental consequences of inborn errors of metabolism leading to elevated 2HG, tumors displaying increased levels of 2HG are unlikely to be false positives, in contrast to conventional gene sequencing, in which numerous SNPs and uncharacterized sequencing artifacts and/or passenger alterations that have no effect on IDH enzyme activity are detected. Screening for Table 2 for information on total reported cases with R(À)-2HG producing IDH1/2 mutations (6629 patients to date). b Two additional single-sample occurrences of IDH2 mutation have recently been reported in melanoma: IDH2 G171D and P158T (Shibata et al., 2011) .
Additional IDH mutants distinguished by R(À)-2HG production PS Ward et al elevated 2HG levels may also be a more sensitive test, as it can allow for the detection of neomorphic mutations at residues like IDH1 R100, G97 and Y139 that are not normally examined by sequencing or mutation-specific antibody approaches focused on the most common alleles. Finally, screening for 2HG can be non-invasive: patient sera/plasma can be assayed in the case of leukemia, whereas radiological approaches for 2HG detection can be refined in the case of glioma and other solid tumors, and urinalysis may also be employed. Overall, the data presented here show the complexity inherent in correlating the genetic alterations in the IDH1/2 enzymes found in sequencing studies with altered metabolic activity. Most IDH mutant tumor samples reported to date harbor a mutation which has now been shown to be R(À)-2HG producing, based on the work of this study and others. Yet, we also report here the existence of rare subsets of IDH loss-offunction mutations that do not produce 2HG. Taken together, these data highlight the value of metabolite screening approaches to more specifically and sensitively identify those IDH mutant tumors that harbor elevations in the level of the R(À)-2HG oncometabolite.
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